Evidence from neuropsychology and neuroimaging implicates parietal and frontal areas of the left cerebral hemisphere in the representation of skills involving the use of tools and other artifacts. On the basis of neuropsychological data, it has been claimed that 1) independent mechanisms within the left hemisphere may support the representation of these skills (transitive actions) versus meaningful gestures that do not involve manipulating objects (intransitive actions), and 2) both cerebral hemispheres may participate in the representation of intransitive gestures. Functional magnetic resonance imaging was used to test these hypotheses in 12 healthy adults while they planned and executed tool use pantomimes or intransitive gestures with their dominant right (Exp. 1) or nondominant left (Exp. 2) hands. Even when linguistic processing demands were controlled, planning either type of action was associated with asymmetrical increases in the same regions of left parietal (the intraparietal sulcus, supramarginal gyrus, and caudal superior parietal lobule) and dorsal premotor cortices. Effects were greater for tool use pantomimes, but only when the right hand was involved. Neither group nor individual analyses revealed evidence for greater bilateral activity during intransitive gesture planning. In summary, at the hand-independent level, transitive and intransitive actions are represented in a common, left-lateralized praxis network.
Introduction
Much of what we know about the neural substrates of the skillful use of tools and other artifacts comes from investigations of patients with acquired brain injuries. For more than a century it has been known that damage, particularly to the left parietal cortex, can lead to apraxia: an impairment in the representation of acquired skills that cannot be attributed to difficulties in linguistic, sensory or lower-level motor functions (Liepmann 1900; Geschwind and Kaplan 1962; Heilman and Rothi 1997) . Classically, apraxic patients are impaired at pantomiming the uses of familiar tools or other manipulable objects (i.e., transitive actions) in response to verbal commands and/or imitation (Leiguarda and Marsden 2000) . (Several different subtypes of apraxia have been defined and debated actively, and difficulties with tool use pantomime and/or intransitive gestures have been interpreted in various ways by different authors. In an attempt to avoid confusion, we have elected to use the generic term ''apraxia'' throughout the manuscript. For consistency with existing literature, we have chosen to use the term ''tool use pantomime'' to refer to tasks in which participants are required to manually pantomime the common uses of familiar tools and other manipulable objects;
i.e., transitive actions). The ability to pantomime such transitive actions to verbal command has long been considered a critical test for apraxia because it isolates the retrieval of stored action representations in response to minimally informative stimuli (Liepmann 1900; Goldenberg 2003a Goldenberg , 2003b . Often apraxics perform better when allowed to actually manipulate objects (De Renzi et al. 1982; Goldenberg et al. 2004) , however, some of these patients also commit errors under these circumstances (De Renzi et al. 1982; Clark et al. 1994; Poizner et al. 1995) .
There are at least 2 points of convergence between these patient data and the results of recent functional neuroimaging studies of tool use pantomime. First, although the precise regions implicated vary somewhat depending on the tasks used, both sources of evidence implicate left parietal and/or frontal mechanisms in the representation of skills involving objects. A widely cited study based on gesture imitation found maximal lesion overlap within and adjacent to the left intraparietal sulcus (IPS), including both the ventral extent of the superior parietal gyrus (SPG) and extending into the inferior parietal lobule (IPL), and/or the left middle frontal gyrus (MFG) and/or premotor cortex (Haaland et al. 2000) . Recently, the left inferior frontal cortex (including adjacent insular and ventral premotor cortices) has been implicated as being critical to the production of tool use pantomimes ). Likewise, preparation and/or execution of these actions is consistently associated with increases in neural activity in the left parietal cortex within and along IPS, and in left premotor and/or prefrontal cortex (Moll et al. 2000; Choi et al. 2001; Ohgami et al. 2004; Rumiati et al. 2004; Johnson-Frey et al. 2005; Hermsdorfer et al. 2007) . Depending on the control conditions employed, planning tool use pantomimes in response to pictorial (Choi et al. 2001) or linguistic cues Hermsdorfer et al. 2007 ) is also associated with increased activity within the left caudal middle temporal gyrus (cMTG). This is likely attributable to the activation of conceptual representations of manipulable objects and/or their associated actions (Martin et al. 1996; Chao and Martin 2000; Mahon et al. 2007; Weisberg et al. 2007 ). Damage in this vicinity is known to affect performances on tasks that require accessing conceptual knowledge of actions (Tranel et al. 2003) .
Second, both patient and neuroimaging data demonstrate that these left-lateralized mechanisms participate in the construction of hand-independent representations of skills involving the use of tools and objects. As a result of their injuries, apraxic patients typically have right hemiparesis, and thus often receive their diagnoses on the basis of performances with their ipsilesional left, and typically nondominant, hands. Similarly, increased activity in left parietal, frontal and often posterior temporal cortices is found when preparing and/or executing tool use pantomimes with either limb (Moll et al. 2000; Choi et al. 2001; Ohgami et al. 2004; Johnson-Frey et al. 2005; Hermsdorfer et al. 2007 ).
On the basis of these findings, we hypothesized that the human left hemisphere supports of distributed praxis representation network (PRN) that includes the aforementioned regions of parietal, frontal and temporal cortex (Johnson-Frey 2004; Frey 2008) . Further, we postulated that left parietal cortex may be the critical node for the integration of distributed conceptual and sensory--motor representations into contextually appropriate action plans (Johnson-Frey 2004; Johnson-Frey et al. 2005; Frey 2007 ).
Transitive versus Intransitive Actions
One important issue that remains unresolved is whether or not the role of this PRN is exclusive to skills involving the use of objects (i.e., transitive actions). Despite their difficulties with tool use pantomimes, apraxics are typically less impaired when performing familiar intransitive gestures, such as waving goodbye, or signaling thumbs-up (Roy et al. 1991; Foundas et al. 1999; Haaland et al. 2000) ; however, cf. Belanger et al. (1996) . At least 2 case studies of apraxic patients report a complete preservation of the ability to perform intransitive gestures despite substantial impairments of tool use pantomime following left hemisphere lesions (Rapcsak et al. 1993; Dumont et al. 1999 ). This evidence suggests that the left hemisphere might support independent mechanisms for the representation of familiar transitive versus intransitive skills. This hypothesis has a long history (Morlass 1928; Leiguarda 2005) and figures prominently in current theories of praxis (Rothi et al. 1991; Cubelli et al. 2000; Buxbaum 2001 ). Yet, evidence for a clear double dissociation between the production of transitive versus intransitive gestures is lacking. Reports of deficits confined to intransitive gesture production are few, and those cases that have been described are confounded by the presence of aphasia and the use of verbally cued tasks only for intransitive testing (Cubelli et al. 2000) . Some apraxic patients with frontal lesions do show equal impairments for transitive and intransitive gesture recognition (Pazzaglia et al. 2008) , but the same does not appear to hold for production. This raises the possibility that tool use pantomime may simply place higher demands on a representational system shared by both transitive and intransitive actions.
Although impairments of tool use pantomime are more commonly associated with left hemisphere lesions (Heilman et al. 1982; Buxbaum 2001; Goldenberg et al. 2003 Goldenberg et al. , 2007 Heilman and Rothi 2003) , some studies indicate that the ability to perform intransitive gestures can be equally disrupted by damage to either cerebral hemisphere Buxbaum et al. 2007 ). This suggests that intransitive gestures may depend on mechanisms distributed across both hemispheres, or that compared with transitive actions there is a higher degree of individual variability in the lateralization of these representations. However, other results suggest that impairments in the performance of both tool use pantomime and intransitive gesture are more likely following left versus right hemisphere damage (Hanna-Pladdy et al. 2001) .
Because familiar intransitive gestures often serve important symbolic and/or communicative functions, determining whether the PRN supports both transitive and intransitive actions has potentially important implications for our understanding of the relationship between 2 fundamental human cognitive specializations, tool use and language (Bradshaw and Nettleton 1982; Gibson 1993; Frey 2008) . Given the significance of this issue, direct comparisons of these 2 types of actions in the neuroimaging literature are surprisingly scarce. Results of a single functional magnetic resonance imaging (fMRI) study demonstrate that planning either familiar tool use pantomimes or intransitive gestures engage largely the same regions-referred to above as the PRN-of left parietal, frontal, and also posterior temporal cortices (Fridman et al. 2006 ). Fridman and colleagues find that only left caudal ventral premotor cortex (cPMv) is significantly more active during the preparation of tool use pantomimes versus intransitive gestures. This difference is interpreted as evidence that this region may uniquely support representations of acquired skills involving objects (p. 425). Yet it is important to note that, relative to resting baseline, even cPMv shows significantly increased activity when planning both transitive and intransitive actions. Therefore, although more demands may be placed on cPMv when planning tool use pantomimes, this area also appears to contribute to the representation of intransitive gestures. This result is particularly interesting in light of the recent findings mentioned above which indicate that production of tool use pantomimes is particularly vulnerable to left inferior frontal damage, including PMv .
A potentially important limitation of the study by Fridman and colleagues (Fridman et al. 2006 ) is that actions were only planned for and executed with the right hand. Thus, it is impossible to determine whether these left-lateralized effects are attributable to the engagement of hand-independent action representations (Moll et al. 2000; Choi et al. 2001; Ohgami et al. 2004; Johnson-Frey et al. 2005) , or whether they reflect processes specific to the use of the contralateral, right, and dominant hand. In fact, a recently published study that used the Fridman et al. paradigm (Fridman et al. 2006) found stronger responses in left parietal and premotor cortex when planning intransitive versus transitive gestures, irrespective of the hand involved (Bohlhalter et al. 2008) . This result is difficult to reconcile with the earlier study, and also seems incompatible with the existing neuropsychological evidence discussed above.
In short, the existing evidence indicates a high degree of overlap in patterns of increased brain activation when individuals plan either tool use (i.e., transitive) pantomimes or intransitive gestures (Fridman et al. 2006 ). Yet, the high degree of overlap in activity associated with transitive and intransitive action planning seems incompatible with evidence suggesting that left hemisphere lesions may selectively impair transitive actions (Rapcsak et al. 1993; Dumont et al. 1999) , and with observations that impairments of intransitive gestures are equally likely to occur following left or right hemisphere damage Buxbaum et al. 2007 ). Further, these findings suggest the possible need for a reinterpretation of previous neuroimaging studies of tool use pantomime; activity in the PRN may actually reflect mechanisms that play a more general role in representing meaningful actions, including gestures that have symbolic and/or communicative functions but that are not associated with the manipulation of objects.
Here, we seek to clarify the role of the PRN in the representation of planning meaningful actions. Is this network specific to the representation of skills that involve tools and other objects (i.e., transitive actions)? Or, does it constitute a more general domain neural substrate for the representation of meaningful actions regardless of whether or not they involve objects (i.e., transitive and intransitive actions)? In Exp. 1 we examined the similarities and differences in neural activity associated with planning familiar tool use pantomimes versus intransitive gestures for subsequent production with the dominant right hand. In Exp. 2, the same individuals performed identical tasks with their nondominant left hands. Comparisons across both experiments within the same regions of interest (ROIs) allowed us to make inferences about the typical organization of hand-independent representations of familiar transitive and/or intransitive actions.
General Method
Twelve adult native English-speaking volunteers (6 females), ranging in age from 19 to 41 years (mean age = 27 years) participated in 2 fMRI testing sessions and were compensated financially for their time. All participants were strongly right-handed-as measured by the revised Edinburgh Handedness Inventory (Oldfield 1971 )-and had normal or corrected-to-normal visual acuity. Both experiments reported in this paper were approved by the Ethics Committee for Research Involving Human Subjects at the University of Oregon, and were carried out in accordance with the principles of the Helsinki 1964 Declaration.
Practice Phase
Prior to scanning, participants undertook a series of training trials presented on a computer. Each trial began with an instructional cue (IC) consisting of a centrally presented gerund verb (see Appendix 1). Verbs denoting physical transitive (e.g., typing) or intransitive (e.g., beckoning) actions were followed by a clip of an actor performing the corresponding unimanual pantomime or gesture, once with her right and once with her left hand. A centrally presented movement cue (MC) instructed subjects to reproduce the observed gestures using their right and then left hands. On trials with verbs denoting nonphysical actions (e.g., thinking), no actions were presented and subjects were instructed to remain still. After completing this initial practice session, subjects undertook 2 additional practice runs inside a mock MRI scanner that replicated the experience and constraints of the actual MRI testing environment. Here and again immediately prior to each fMRI testing session, it was emphasized that 1) movements must be performed as accurately as possible, 2) the upper arm should remain still, and 3) head motion must be avoided. All participants performed at ceiling before being advanced to the first fMRI testing session.
Test Phase
All participants completed 2 separate experiments on different days; one using the dominant right hand and the other using the nondominant left hand. Immediately prior to testing, participants again viewed the training video. Although the order of the tested hand was counterbalanced across the whole sample of participants (including gender, given an equal number of males and females in our study), we will refer to use of the right hand as Exp. 1, and left hand as Exp. 2. Each testing session consisted of 6 functional runs. Throughout each run participants were instructed to maintain fixation on a centrally presented cross. Functional runs consisted of 3 conditions distinguished by their ICs: 1) transitive condition-verbs denoting familiar unimanual transitive actions (e.g., ''painting'' or ''writing''); 2) intransitive condition-verbs denoting familiar unimanual intransitive actions (e.g., ''hitchhiking'' or ''scolding''); 3) linguistic control-verbs denoting mental actions (e.g., ''knowing'' or ''evaluating''). As illustrated in Figure 1 , trials of each condition consisted of a 1) visually presented IC (1500 ms), 2) variable length delay interval (2000, 4000, or 6000 ms) for action planning, 3) visually presented MC (4000 ms), and 4) variable duration (2500, 4500, or 6500 ms) intertrial interval (ITI). In the Transitive and Intransitive Conditions, participants were asked to prepare to gesture the actions identified by the IC during the subsequent delay period. At the onset of the MC-a bright green circle presented in the middle of the display, participants were instructed to execute the planned action using only the fingers, hand and forearm while the MC was visible. During the Linguistic Control condition trials, they were asked to relax and neither plan nor undertake any movements.
For each condition there were 14 ICs divided randomly into 2 sets of 7 items (Appendix I). Care was used to avoid ICs in which the verbs would be homonymous with the nouns that they were cueing (e.g., ''sawing'' to cue saw) as such items have unique neural correlates (Tranel et al. 2005) .
Each of the 6 functional runs consisted of 21 trials, 1 set from each condition. ICs from each condition were followed equally often by each of the 3 delay intervals. Likewise, ICs from each condition had an equal likelihood of being preceded by either of the 3 ITIs. Finally, the order of runs was randomized across participants.
Stimuli were controlled by Presentation software (Neurobehavioral Systems v. 10.0, Albany, CA; http://www.neurobs.com) digitally synchronized with the MRI scanner. The stimuli were back projected on a screen at the back of the magnet bore and viewed via a mirror attached to the head coil. Eye position was monitored throughout each session with an MRI-compatible tracking system (http://www.a-s-l.com). Manual performances were monitored by the experimenter and recorded with digital video. Padding was used to immobilize the head and upper arms.
MRI Procedure
All scans were performed on a Siemens (Erlangen, Germany) 3 Tesla Allegra MRI scanner at the Robert and Beverly Lewis Center for Neuroimaging at the University of Oregon. Before the start of functional runs, Auto Align Scout and True FISP sequences were executed to prescribe the position of slices. The blood oxygenation level--dependent (BOLD) echoplanar images were collected using a Figure 1 . (A) Trial structure and timing. (B) Portion of a sample trial sequence within a functional run. The 1500-ms IC was followed by a variable delay Interval during which gestures were planned, and a 4000-ms MC that signaled gesture execution. ISIs were 2500, 4500, or 6500 ms.
T 2 *-weighted gradient echo sequence: time repetition (TR) = 2000 ms; time echo (TE) = 30 ms; flip angle = 80°; 64 3 64 matrix; field of view (FOV) = 200 mm; 33 contiguous axial slices, 3.0-mm isotropic voxels. High-resolution T 1 -weighted structural images were also acquired: magnetization prepared rapid gradient echo (MP--RAGE) pulse sequence: TR = 2000 ms; TE = 4.38 ms; inversion time (TI) = 1100 ms; FA = 8.0°; 256 3 176 voxel matrix size; FOV = 256 mm; 176 contiguous axial slices; 1.0-mm isotropic voxels. To reduce artifacts attributable to magnetic field inhomogeneities, raw image data were first reconstructed using 2-dimensional fast Fourier transform, and converted to NIFTI-1 format using MRI-Convert software (http:// lcni.uoregon.edu/~jolinda/MRIConvert/). Data were preprocessed and modeled with FSL version 3.2 (http://www.fmrib.ox.ac.uk/fsl/).
fMRI Data Analysis Statistical analyses were preceded by the following preprocessing procedures: nonbrain removal using brain extraction tool (BET) (Smith 2002) ; motion correction using MCFLIRT (motion correction with the Oxford Centre for Functional MRI of the Brain's linear registration tool) (Jenkinson et al. 2002) ; spatial smoothing using a Gaussian kernel of FWHM = 5 mm, mean-based intensity normalization of all volumes by the same factor; high-pass temporal filtering (r = 50.0 s). For a given participant, each fMRI run was modeled separately at the first level.
Estimates of the degrees of freedom in the statistical model were corrected for autocorrelation in the data by using the FSL prewhitening technique (Woolrich et al. 2001) . Time-series statistical analysis was performed using FILM with local autocorrelation correction (Woolrich et al. 2001) . Delays and undershoots in the hemodynamic response were accounted for by convolving the model with a double-gamma basis function. FLIRT (Jenkinson and Smith 2001; Jenkinson et al. 2002) was used to implement registration to high-resolution and standard space images (Montreal Neurological Institute [MNI-152] template). Intersession (level 2), intersubject (level 3), and interexperiment (level 4) random-effects components of mixed-effects variance were modeled and estimated using FLAME Stage 1 (Beckmann et al. 2003) . Unless noted otherwise, z (Gaussianized t/F) statistic images were thresholded using clusters not smaller than those determined by FSL default values of z > 2.3 and a corrected cluster significance threshold of P < 0.05 (Worsley et al. 1992) . ROI analyses used FSL's Featquery to compute mean percent signal change associated with each of the experimental conditions relative to the resting baseline. Inclusive contrast masking was used to identify areas significantly activated across 2 comparisons.
Planning-related activity in each condition was modeled as the 3500-ms period beginning with the onset of the IC (1500 ms) and lasting through the end of the shortest (2000 ms) delay interval ( Fig. 1 ). Execution-related activity in the transitive and intransitive conditions was modeled as the 4000-ms period during which the MC was visible.
Verification of anatomical localization was undertaken by manual comparison with an atlas (Duvernoy 1991) and overlaying activation maps on the population, landmark, and surface-based atlas (PALs) of Van Essen (2005) using CARET software (Van Essen et al. 2001) . Two procedures were used to map volumetric group average data onto the PALs atlas: average fiducial mapping in which standard (i.e., MNI-152) space group average data is projected onto the atlas, and multifiducial mapping in which data is first mapped to a set of 12 individual brains then reaveraged to account for individual variations in cortical topography (Van Essen 2005).
Exp. 1: Tool Use Pantomimes and Intransitive Gestures with the Dominant Right Hand
On the basis of previous results, we hypothesized that planning tool use (transitive) pantomimes would increase activation within the PRN, a network of areas in left parietal, frontal and posterior temporal cortices (Moll et al. 2000; Choi et al. 2001; Ohgami et al. 2004; Rumiati et al. 2004; Johnson-Frey et al. 2005; Fridman et al. 2006) . If this left-lateralized network is only specialized for the representation of skills involving the use of objects, then these areas should not show significant increases in activity when retrieving and planning intransitive gestures. Any differences between transitive versus intransitive conditions might be particularly evident in left inferior frontal cortex, including PMv (Fridman et al. 2006) . By contrast, if this system plays a more general role in the representation of meaningful skills, then these areas will evidence significantly increased activity during both types of planning.
Our primary objective here and in Exp. 2 was to investigate the mechanisms involved in the retrieval and planning of transitive and/or intransitive actions. Furthermore, no efforts were made to equate the complexity (e.g., amplitudes, velocities, and trajectories) of movements involved in the production of transitive versus intransitive actions. For these reasons our presentation of the results focuses primarily on changes in neural activity associated with the planning phase, that is, the initial 3500 ms of each trial beginning with the onset of the IC (see Method section above).
Results

Planning Phase
As expected, planning tool use pantomimes was associated with significant increases in activity within parietal, temporal, premotor, and prefrontal cortices relative to the resting baseline, and these effects were more pronounced in the left cerebral hemisphere ( Fig. 2A ). Increased parietal activity was detected within and along banks of the IPS and extended onto the lateral convexities of the supramarginal gyrus (SMG) and SPG. Similarly, larger increases were detected in the left cMTG, rostral MFG (rMFG), and within and along the dorsal aspect of the precentral sulcus, which we refer to as dorsal premotor (PMd) cortex. A focal activation was also present along the ventral extent of the left precentral sulcus, labeled here as cPMv cortex. Bilaterally increased activity was also detected in the inferior frontal gyrus (IFG) anterior and ventral to cPMv. With the exception of PMd, controlling for linguistic stimulus processing led to a substantial reduction in activity within areas of the right cerebral hemisphere ( Fig. 2B ; Supplementary Materials Table 1A) .
A remarkably similar pattern of increased activity was observed in association with planning intransitive gestures relative to the resting baseline (cf. Fig. 2A,C) . Likewise, when contrasted with the linguistic control condition, increases in right rMFG, cMTG, IFG, and premotor cortex no longer achieved significance ( Fig. 2D ; Supplementary Materials Table 1B) .
A direct comparison revealed increased activity during the planning of tool use pantomimes versus intransitive gestures in several regions of the left hemisphere: parietal cortex (within and along left IPS and SPG), PMd, presupplementary (pre-SMA), cingulate (CMA), and primary motor areas (Fig. 2E) . A similar effect was also detected bilaterally in the cerebellum. In contrast to previous findings (Fridman et al. 2006) , however, activity within left cPMV was not greater for tool use pantomime versus intransitive gesture.
ROI Analyses
In order to characterize better the conditional responses in areas of the left hemisphere detailed above, ROIs were defined based on the activation peaks (z = / > 3.1, P < 0.05, clusterwise correction for multiple comparisons) identified in the transitive planning versus resting baseline contrast (Supplementary Materials Table 1E ). As shown in Figure 3A -1, within left cPMv, transitive, intransitive and linguistic control conditions all increased activity above the resting baseline (Bonferroniadjusted [Bf-] P < 0.001 in all cases), and transitive and intransitive planning increased activity more than the linguistic control (Bf-P < 0.001 and 0.05, respectively). However, the difference between transitive and intransitive planning was nonsignificant, Bf-P = 1.0. Left cPMv therefore appears to be equally involved in planning tool use pantomimes and intransitive gestures for the right hand.
In left PMd, only transitive and intransitive planning were associated with significant increases above the resting baseline, and responses in both conditions exceeded those associated with the linguistic control, Bf-P < 0.001 in both cases. PMd also responded more during transitive versus intransitive planning (Bf-P < 0.01) ( Fig. 3A-2 ). This suggests that planning tool use pantomimes for the right hand places greater demands on this area than planning intransitive gestures.
Within the left parietal ROI, consisting of a large cluster within the left IPS and extending onto the lateral convexity of the SMG, all 3 conditions were associated with increases in activity above the resting baseline (Bf-P < 0.01), and transitive and intransitive planning increased activity more than the linguistic control condition (Bf-P < 0.001 in both cases) (Fig. 3A-3 ). This area also responded more during transitive versus intransitive planning (Bf-P < 0.01), indicating that the planning of tool use pantomimes places greater demands on the left inferior parietal cortex, at least when the right hand is involved. Similarly, all 3 conditions increased activity significantly above the resting baseline in the left dorsal SPG region (Bf-P < 0.001 in all cases), and the effects of both transitive and intransitive conditions exceeded those of the linguistic control, Bf-P < 0.001 and 0.05, respectively (Fig. 3A-4) . Here too planning tool use pantomimes for the right hand was associated with significantly greater activation than planning intransitive gestures, Bf-P < 0.05.
Within the left cMTG, all 3 conditions increased activity above the resting baseline (Bf-P < 0.001 in all cases) and transitive and intransitive planning were associated with larger responses than the linguistic control condition, Bf-P < 0.01 and 0.05, respectively (Fig. 3A-5) . However, similar to cPMv, the difference between transitive and intransitive planning failed to reach significance (Bf-P = 0.2), suggesting that planning of both types of actions for the right hand places similar demands on this area.
Finally, within left rMFG, transitive and intransitive planning increased activity significantly above the resting baseline (Bf-P < 0.001 in both cases), whereas the linguistic control condition did not, Bf-P = 0.09 (Fig. 3A-6 ). Likewise, rMFG responses were greater during transitive and intransitive planning versus the linguistic control (Bf-P < 0.01). However, as in both cPMv and rMTG, the difference between planning tool use pantomimes and intransitive gestures was nonsignificant, Bf-P = 1.0.
Individual Variation in Parietal and Ventral Frontal Activity
Given the centrality of the posterior parietal cortex (PPC) in theories of praxis (Rothi et al. 1991; Cubelli et al. 2000; Leiguarda and Marsden 2000; Buxbaum 2001 ), we sought evidence at the individual subject level for dissociations between representations of transitive versus intransitive actions. This involved overlaying each individual's fMRI results onto their own high-resolution anatomical scans. This was done separately for tool use pantomime or intransitive gesture planning versus the linguistic control condition. Following a procedure described previously , we used anatomical landmarks to determine whether significantly activated clusters were located in SPG, SMG, and/or the angular gyrus (AG).
On the basis of recent findings suggesting that tool use pantomime is affected predominantly by left inferior frontal lesions ), a similar analysis was performed on ventral frontal cortex (PMv, IFG, MFG). Percentages in Tables 1 and 2 reflect proportions based on the total sample of 12 individuals.
All participants showed increased activation of the left PPC during both tool use pantomime (transitive) and intransitive gesture planning. Although no one showed right unilateral activity, 75% did evidence increased activity in the right parietal cortex during at least one condition. Thus, although the left PPC appears ubiquitous in the representation of manual praxis, in most individuals the right PPC also participates in planning these actions, at least when the dominant right hand is involved. We again found no indication, however, that the right PPC is more heavily involved in the representation of intransitive versus transitive actions. Of those 8 individuals (67%) showing right PPC activation, only a single participant demonstrated it exclusively for intransitive gesture planning. Yet, 3 participants (25%) showed increased activity in right PPC during transitive gesture planning. By contrast, half of all individuals showing bilateral PPC activity (33%) did so when planning both transitive and intransitive gestures. Further details on localization can be found in Table 1 .
Analyses of individual participants' results in ventral frontal cortex also failed to support the hypothesis that intransitive actions are more bilaterally represented than transitive actions. All participants showed increased activity in left ventral frontal cortex during the planning of transitive and/or intransitive gestures. For 67% of participants, increased activity was detected during both transitive and intransitive gesture planning. Twenty-five percent showed a selective increase in the left hemisphere only during transitive planning. A single individual displayed increased activity only during intransitive planning. By comparison, 58% of participants evidenced increased activity in right ventral frontal cortex. For 33% of subjects, this was detected when planning both types of gestures. Two individuals (17%) showed right ventral frontal increases only during transitive planning, and a single participant selectively activated right ventral frontal cortex during intransitive planning. Refer to Table 1 for details on localization.
Execution Phase
A direct comparison of tool use pantomimes versus intransitive actions revealed increased activity within the left parietal (postcentral gyrus, IPL, and SPG) and frontal (central sulcus extending along the length of precentral gyrus, PMv, PMd, and pre-SMA) cortices, and bilateral cerebellum (Fig. 2F) . Though not pictured, the execution of intransitive gestures versus tool use pantomimes was associated with just a single cluster of activity in the left posterior cingulate gyrus.
Discussion
In summary, planning tool use pantomimes for subsequent production with the right hand increased activity within a distributed network of parietal, frontal and temporal areas. Consistent with previous neuroimaging studies (Moll et al. 2000; Choi et al. 2001; Ohgami et al. 2004; Rumiati et al. 2004; JohnsonFrey et al. 2005; Hermsdorfer et al. 2007 ), these effects were more pronounced in the left cerebral hemisphere, particularly when activity associated with linguistic stimulus processing was controlled. Similar to the observations of Fridman and colleagues (Fridman et al. 2006) , we found that activity within these same regions increased during the planning of intransitive gestures. These effects cannot be explained simply in terms of linguistic stimulus processing demands, as all ROIs (cPMv PMd, IPS/SMG, SPG, cMTG, and rMFG) showed significant increases in activity when planning both tool use pantomimes and intransitive gestures relative to the linguistic control condition. In contrast to this earlier report, however, left inferior (IPS/SMG) and superior (SPG) parietal and PMd cortices showed greater responses during the planning of tool use pantomimes versus intransitive gestures. Likewise, as will be elaborated in the general discussion section, we failed to detect any differences between these conditions in left cPMv. The fact that left parietal cortex (IPS/SMG and SPG) is engaged more during the retrieval and planning of tool use pantomimes versus intransitive gestures mirrors the pattern of deficits in apraxia (Roy et al. 1991; Foundas et al. 1999) , and is consistent with the hypothesis that the former behaviors place greater demands on this region. Because left parietal activity in our study increases significantly above both the resting baseline and the linguistic control conditions when planning both types of actions, it is not immediately apparent how damage here could selectively impair the performance of tool use pantomimes while completely sparing intransitive gestures (Rapcsak et al. 1993; Dumont et al. 1999) . Furthermore, neither whole brain group nor individual analyses of PPC and ventral frontal cortex provided support for the hypothesis that intransitive gestures are more bilaterally represented than tool use pantomimes. This result is inconsistent with reports showing that the intransitive gestures are more likely to be affected by either left or right hemisphere lesions (Cubelli et al. 2000; Buxbaum et al. 2007 ). The present results, however, do fit well with other observations showing greater impairments in both behaviors following left versus right hemisphere injuries (Hanna-Pladdy et al. 2001) .
Left dorsal premotor lesions are also relatively common in apraxia (Haaland et al. 2000) and, along with left IPS, PMd appears to play an important role in action selection (Schluter et al. 2001) , which is a critical component of both planning conditions. Engagement of PMd here is also consistent with its involvement in representing conditional stimulus-response associations (Grafton et al. 1998; Picard and Strick 2001) , such as those established between arbitrary verbal cues and patterns of movement. Further, the observed PMd activation in our task is consistent with previous evidence showing that patients with premotor lesions are impaired when they must retrieve and perform a learned movement in response to a sensory cue (Halsband and Freund 1990) .
Finally, we found greater increases in contralateral sensorymotor regions during the execution of tool use pantomimes versus intransitive gestures. This may suggest that these 2 classes of actions are differentially represented at the execution level. However, previous work shows that activity in sensory-motor cortex increases as a function of movement complexity (Gut et al. 2007) . Therefore, it is also possible that this difference is attributable to tool use pantomimes simply being more demanding to execute than intransitive gestures.
Exp. 2: Tool Use Pantomimes and Intransitive Gestures with the Nondominant Left Hand
In Exp. 2 we ask whether the left lateralized effects observed in Exp. 1 reflect a true cerebral asymmetry in the representation of praxis, or the engagement of processes contralateral to the involved limb. Testing the left hand is also important because most studies of apraxic patients are based on use of the ipsilesional (and typically nondominant) left hand, a fact often necessitated by their right hemiparesis. The participants and methods were identical to Exp. 1, except that actions were planned for and executed with the nondominant left hand.
Results and Discussion
Planning Phase
Compared with the resting baseline, planning tool use pantomimes for production with the left hand significantly increased activity within many of the same regions identified in Exp. 1: bilaterally within and along the IPS, lateral parietal cortex (IPL and SPG), pre-SMA/CMA and cMTG, right PMd, left rMFG and IFG/insula, and bilateral cerebellum (Fig. 4A) . Overall, activations tended to be more strongly left-lateralized (i.e., less bilateral) when planning actions for subsequent production with the nondominant left hand (cf. Fig. 2) . As in Exp. 1, this left cerebral asymmetry was even more dramatic when effects related to processing linguistic stimuli were controlled. Significant activity remained only within and along left IPS, bilateral PMd, pre-SMA/CMA, and in the left cerebellum ( Fig. 4B ; Supplementary Materials Table 1C ). In contrast to Exp. 1, activations in left cPMv, rMFG, and cMTG all failed to achieve significance at this threshold (cf. Fig. 2B ). Relative to resting baseline, planning intransitive gestures increased activity within the same regions as planning tool use pantomimes, except for right PMd (Fig. 4C) . When linguistic processing demands were controlled, effects in the right hemisphere became nonsignificant; only parietal cortex within and along the left IPS, as well as rMFG, and PMd showed significant increases in activity ( Fig. 4D ; Supplementary Materials Table 1D ).
Finally, in contrast to Exp. 1, direct comparisons failed to detect any areas that were significantly more active during the planning of tool use pantomimes versus intransitive gestures. This suggests that these differences within and along the left IPS and PMd were specific to planning actions for subsequent production with the dominant right hand (i.e., hand dependent). Here too, no areas were more significantly activated during the planning of intransitive gestures versus tool use pantomimes.
ROI Analyses
To facilitate direct comparisons across experiments, responses associated with each condition were also analyzed within the same ROIs defined in Exp. 1 (Supplementary Materials Table 1E ). In cPMv neither the tool use pantomime (transitive), intransitive gesture, nor linguistic control conditions were associated with significant increases above the resting baseline, Bf-P > 0.09 in all cases (Fig. 3B-1) . Transitive planning was associated with a significant increase in activity above the resting baseline in left PMd (Bf-P < 0.05), whereas the effects of intransitive planning approached but did not achieve significance, Bf-P = 0.07 ( Fig. 3B-2) . Effects of the linguistic control condition did not differ from baseline, Bf-P = 1.0. Both transitive and intransitive planning significantly increased activity above the linguistic control activation (Bf-P < 0.05). Though highly significant in Exp. 1, the difference between transitive versus intransitive planning only approached significance here, Bf-P = 0.08.
By contrast, activity in left inferior parietal cortex (IPS/SMG) during all 3 conditions was significantly higher than baseline (Bf-P < 0.05 in all cases), and both transitive and intransitive planning increased activity more than the linguistic control, Bf-P < 0.05 (Fig. 3B-3) . However, in contrast to Exp. 1, responses associated with transitive versus intransitive planning did not differ, Bf-P = 1.0. Similarly, in left SPG all conditions increased activity above the resting baseline (Bf-P < 0.001 in all cases), and the effects associated with both transitive and intransitive planning exceeded those of the linguistic control, Bf-P < 0.05 in each case (Fig. 3B-4) . Likewise, there was no difference between the effects of transitive versus intransitive planning, Bf-P = 1.0 in each case.
In left cMTG we again found that all 3 conditions increased activity above the resting baseline (Bf-P < 0.001 in all cases), but they did not differ from one another, Bf-P = 1.0 in all cases (Fig. 3B-5) . Similarly, in rMFG, all conditions were above baseline (Bf-P < 0.01 in all cases), but did not differ from one another, Bf-P > 0.20 in all cases (Fig. 3B-6 ). These results suggest that for the left hand, both cMTG and rMFG were equally involved in planning both types of actions and in processing linguistic stimuli.
Individual Variability in Parietal and Ventral Frontal Activity Consistent with Exp. 1, we failed to find support for the hypothesis that intransitive actions are more bilaterally represented than transitive actions. Analyses of individual variability in parietal recruitment revealed that a single participant (Case 2) showed no significant increases in left or right parietal activity when planning either transitive or intransitive actions (Table 2 ). This same individual activated left parietal regions exclusively during right hand planning (see Table 1 ). Consistent with Exp. 1, all other subjects (92%) showed increased activity in left PPC, and 67% engaged right PPC as well. In all of these 8 cases, both right and left PPC showed significant increases. With the exception of a single participant (Case 1), these bilateral increases were observed for both transitive and intransitive planning. Case 1 showed only bilateral SPG increases during transitive planning. Again, we found no participants who showed unilateral right parietal activations in either condition. Details on localization can be found in Table 2 .
The pattern of results for ventral frontal cortex was also very similar to Exp. 1. The majority (75%) of participants showed increased activity in left ventral frontal cortex during the planning of transitive and/or intransitive gestures. For 67% of participants, increased activity was detected during both transitive and intransitive gesture planning. A single individual (Case 1) showed a selective increase in left ventral frontal cortex only during transitive planning. Conversely, 58% of participants evidenced increased activity in right ventral frontal cortex for transitive and/or intransitive gestures. For 33% of subjects, this was detected when planning both types of gestures. Two individuals (17%) showed increased right ventral frontal activity only during transitive planning, and one participant (Case 7) only during intransitive planning.
Execution Phase Similar to Exp. 1, a direct contrast of tool use pantomimes versus intransitive gestures revealed increased activity contralateral to the involved limb, within the central sulcus extending caudally into the postcentral gyrus, and rostrally into the precentral gyrus and PMd. This was accompanied by ipsilateral increases in all of these frontal regions, and the cerebellum (Fig. 4E) . In contrast to Exp. 1, execution of intransitive gestures versus tool use pantomimes was associated with significant increases in the contralateral (right) frontal pole, and in ipsilateral caudal MFG extending into the IFG. Notably, there was also a strong focal increase in the left temporoparietal junction (Fig. 4F) .
Discussion
In summary, relative to the resting baseline, planning tool use pantomimes and intransitive gestures for production with the nondominant left hand increased activity in largely the same regions detected in Exp. 1. Overall, these effects tended to be even more strongly left-lateralized (i.e., less bilateral). As in Exp. 1, this left cerebral asymmetry was magnified when linguistic processing demands were controlled. Here, however, only activations in left parietal cortex (IPS/SMG and SPG) and PMd exceeded those associated with linguistic processing. In contrast to Exp. 1, no areas showed significantly greater responses when planning tool use pantomimes versus intransitive gestures.
As in Exp. 1, we again observed greater activation of contralateral sensory-motor regions during the execution of tool use pantomimes versus intransitive gestures. In addition, transitive actions were associated with significantly greater increases within the left central sulcus extending into precentral gyrus and PMd. Previous work shows increased activity in ipsilateral motor cortex during use of the nondominant left hand (Singh et al. 1998) , and these effects increase as a function of movement complexity (Gut et al. 2007 ). These differences may therefore be attributable to greater motor control demands of tool use pantomimes versus intransitive gestures. In contrast to Exp. 1, execution of intransitive gestures versus tool use pantomimes with the left hand revealed unexpected increases in left ventral frontal cortex and the temporo-parietal junction. The reasons for these differences, peculiar to use of the left hand, are uncertain. However, they are counter to the hypothesis that intransitive actions place greater demands on the right cerebral hemisphere.
General Discussion
The present experiments yielded no evidence for the hypothesis that the left hemisphere supports independent mechanisms for the representation of familiar transitive versus intransitive skills (Morlass 1928; Rothi et al. 1991; Cubelli et al. 2000; Buxbaum 2001; Mozaz et al. 2002; Leiguarda 2005) . Regardless of the hand involved, planning either type of action was associated with increases in the same regions of left parietal (within and along the IPS, SMG, and caudal SPL) and premotor (PMd) cortices. Importantly, this was true even when linguistic processing demands were controlled. These planning-related increases were greater for tool use pantomimes versus intransitive gestures, but only when the right hand was involved. Likewise, neither group nor individual subject analyses of planning-related activity revealed any evidence that intransitive actions are more bilaterally represented than transitive actions. Our findings are therefore consistent with the view that, at the hand-independent level, both types of actions are represented in a common network within the left hemisphere of right-handed individuals (i.e., the PRN). We now consider the main findings in greater detail.
Hand-Independent Planning Effects
As with previous findings (Moll et al. 2000; Choi et al. 2001; Ohgami et al. 2004; Rumiati et al. 2004; Johnson-Frey et al. 2005; Hermsdorfer et al. 2007 ), planning familiar tool use pantomimes with either the right or left hands increased activity above resting baseline levels within parietal (IPS/SMG, SPG), frontal (PMd, rMFG), and temporal (cMTG) regions. Regardless of the hand involved, these responses were more pronounced in the left cerebral hemisphere (Figs 2A and 4A) . Further, we found that the left cerebral asymmetry in activations was more pronounced when linguistic processing demands were controlled ( Figs 2B and 4B ). This suggests that activity increases within homotopic regions of the right hemisphere were highly associated with the linguistic stimulus processing demands. Region of interest analyses confirm that responses in left parietal cortex (IPS/SMG and SPG) and PMd exceeded those associated with the linguistic control condition, irrespective of the hand involved (Fig. 3) . Together, the results of these analyses support the hypothesis that left parietal and premotor cortices support hand-independent representations of transitive actions. The locations of these particular activations are also consistent with areas of high lesion overlap in apraxia (Haaland et al. 2000; Buxbaum et al. 2005) .
Importantly, we found comparable hand-independent responses within these same parietal (IPS/SMG and SPG) and frontal (PMd) areas when participants planned intransitive gestures ( Figs 2C,D and 4C,D) . As discussed below, we did observe greater activity in left parietal and premotor areas when planning transitive versus intransitive actions, but only for the right hand (Fig. 2E) . No regions showed gesture-specific differences, irrespective of the hand involved. The fact that responses during intransitive gesture planning, within the same parietal and premotor ROIs, also exceeded those observed in the control condition indicates that they too cannot be explained in terms of linguistic stimulus processing (Fig. 3) . These results support the hypothesis that these left-lateralized regions represent both transitive and intransitive actions at the hand-independent level. Our results are consistent with a very recent study demonstrating consistent hand-independent increases in left parietal and premotor cortices when planning both transitive and intransitive gestures (Bohlhalter et al. 2008) . However, in contrast to this report, we do not find that left parietal and premotor cortices are more highly activated when planning intransitive versus transitive gestures, irrespective of the hand involved (Bohlhalter et al. 2008) . This difference was not anticipated on the basis of either the results of neuropsychological investigations or a previous neuroimaging study demonstrating greater left cPMv activation for transitive versus intransitive gesture planning for the right hand (Fridman et al. 2006) . The reason(s) for our failure to replicate the Bohlhalter and colleagues result (Bohlhalter et al. 2008 ) is (are) unclear. One possibility is the use of different paradigms in these investigations. Bohlhalter and collaborators employed a design similar to that of Fridman and colleagues and, as detailed below, the results of this task may be more sensitive to linguistic stimulus processing demands.
There is considerable evidence that left parietal cortex plays a specialized role in the sensory--motor transformations underlying hand-object interactions (Sirigu et al. 1995; Buxbaum et al. 2003 Buxbaum et al. , 2005 . However, we find that at the more abstract level demanded by classic apraxia tasks (verbally cued tool use pantomime and intransitive gesture), this region participates equally in the representation of previously acquired skills regardless of whether or not they involve objects, or of the hand involved.
Involvement of PMd in these tasks likely reflects its role in computations that are fundamental to many volitional movements including action selection and/or the representation of conditional stimulus--response associations (Grafton et al. 1998; Picard and Strick 2001) . This point is discussed further below with regard to the implications of these findings for the hypothesized PRN.
Recent findings indicate that the performance of tool use pantomimes (with the ipsilesional left hand) are particularly sensitive to damage within the left inferior frontal cortex-that is, left IFG including adjacent insular cortex and PMv ). The ability of these patients to produce familiar intransitive gestures was not examined. We found that 9 of the 12 participants in the present experiments did show increased activity in left inferior frontal cortex (IFG and/or PMv) during the planning of tool use pantomimes for the right and/or left hand. However, only 42% did so regardless of the hand involved, and in 3 (25%) instances significant handindependent increases were also present for intransitive gesture planning (Tables 1 and 2 ). On the basis of these findings, and the vast majority of previous neuropsychological results, we would expect patients with left inferior frontal lesions to be impaired to some degree on both tasks.
It can be argued that we failed to detect differences between tool use pantomime and intransitive gesture conditions because participants here received training in gesture production prior to testing (in order to minimize interindividual variation). Although we have no basis for suspecting that these relatively brief experiences caused 2 initially independent representational systems to merge, it is worthy of note that patients do not typically receive training prior to such testing, and that those who do sometimes benefit (Cubelli et al. 1991; Smania et al. 2000) . The issue of how neural representations of these actions are affected by practice has potentially important rehabilitation implications and deserves additional attention.
Another possibility is that hand-independent representations of transitive and intransitive gestures are implemented within distinct subregions of left parieto-frontal cortex, but that they simply cannot be differentiated with conventional fMRI activation paradigms. If so, then it seems unlikely that dissociations would be observed following naturally occurring brain lesions, which tend to be quite large as compared with significant clusters of activity in fMRI. Nevertheless, this question might be entertained through use of fMRI adaptation, which exploits the phenomenon of repetition suppression. This method is believed to allow inferences about the selectivity of neural populations at a finer scale than traditional subtraction approaches (Grill-Spector et al. 1999; Grill-Spector and Malach 2001) . Indeed, fMRI adaptation paradigms have been successfully extended to investigations of both observed and executed actions (Shmuelof and Zohary 2005; Dinstein et al. 2007; Kroliczak et al. 2008 ).
Hand-Dependent Planning Effects
Although no brain areas showed significantly greater responses when planning tool use pantomimes versus intransitive gestures independent of the hand involved, 3 regions (IPS/ SMG, SPG, and PMd) did show this effect for the right hand ( Figs 2E and 3A) . These results are consistent with those of an earlier report showing increases in left parietal and premotor activity when planning either familiar transitive or intransitive actions for the right hand (Fridman et al. 2006) .
Together these findings suggest that at the hand-dependent level of representation, there may indeed be differences between neural representations of transitive versus intransitive actions within the left hemisphere. These may be experience dependent; that is, participants had considerably more experience undertaking these actions with their dominant right hands. As a result, the left hemisphere may have developed a more highly differentiated system of praxis representations specific to use of the right hand. If so, then we would expect to observe the reversed pattern in strongly left-handed individuals. These findings also raise the possibility that left hemisphere injuries could differentially impact tool use pantomimes versus intransitive gestures performed with the right hand. That is, left hemisphere lesions may cause apraxic-like symptoms that are only manifest with the contralesional hand. Testing for such possible effects in apraxic patients would be very challenging, though, due to the prevalence of right hemiparesis. Nevertheless, the presence of these hand-dependent differences does suggest a need to be cautious when drawing conclusions based on testing of a single hand.
In contrast to the results of Fridman et al. (2006) , we did not find evidence for greater activation of left cPMv activity between planning tool use pantomime and intransitive gesture conditions, even when the right hand was involved (Exp. 1). This may have to do with differences between the linguistic demands of the tasks employed in these studies and/or the analyses performed. Fridman et al. used sentences as cues and looked for a transient BOLD response coincident with stimulus onset. By contrast, the present study sought to identify responses developing over the 3.5-s period following the onset of single stimulus verbs. Consequently, it is possible that their results were more influenced by differences between the linguistic processing demands of the sentence stimuli, and less by action planning. Indeed, left inferior frontal cortex (including PMv) is known to show increased activity during tasks such as naming tools (Grafton et al. 1997) or generating action words (Martin et al. 1995) . Consistent with this interpretation, we did find increased activity, relative to resting baseline, in the left IFG (anterior and ventral to cPMv) when planning either tool use pantomimes or intransitive gestures for subsequent production with either hand (cf. Figs 2 and 4) . However, these effects were reduced when linguistic stimulus processing demands were controlled.
The Issue of Bilateral Representations of Intransitive Gestures
We also find no clear evidence that intransitive gestures are represented more bilaterally than transitive actions, as suggested by some Buxbaum et al. 2007 ), but not all (Hanna-Pladdy et al. 2001) , studies of brain-injured patients. Irrespective of the hand involved, no brain regions in either hemisphere were significantly more active when planning intransitive gestures versus tool use pantomimes (or vice versa).
Analyses of individual participants' data also failed to support this hypothesis. In parietal cortex, half of all participants showed a hand-independent increase in right PPC, and this was always accompanied by left parietal activity (i.e., bilateral parietal activation). For 3 individuals these bilateral handindependent increases occurred when planning both transitive and intransitive gestures. Two participants only showed these effects for transitive gestures, and one only for the intransitive condition (Tables 1 and 2) .
A similar pattern was evident in ventral frontal cortex (IFG, PMv, MFG) , where significant increases in the right hemisphere were always accompanied by increases in the left hemisphere. Across both studies, only 2 individuals showed increased right hemisphere activity exclusively for intransitive planning, whereas 4 participants did so for transitive planning.
Implications for Dissociations in Apraxia
On the surface, our findings may seem at odds with the longstanding observations that patients with left hemisphere lesions often perform better at intransitive gestures than tool use pantomimes. One reason for this apparent discrepancy may be the different levels of analysis involved in these approaches. Functional neuroimaging data reflects relative activity in the brain's gray matter, whereas behavioral deficits experienced by apraxic patients may also result from damage to white matter tracts (Geschwind 1965; Cubelli et al. 2000; Hanna-Pladdy et al. 2001) . Likewise, we have primarily focused on activity associated with the planning of actions prior to movement onset. By contrast, studies of patient behavior reflect not only the integrity of premovement processes, but also functions involved in linguistic stimulus processing and sensory--motor execution. When focusing exclusively on premovement planning, we find patterns of activity that show less cerebral asymmetry when demands of linguistic stimulus processing are not controlled. It is also worth noting that movements were executed in our study without visual feeback (i.e., open loop), whereas apraxia testing is typically done with full vision (i.e., closed loop). This may also contribute to the apparent differences between imaging and lesion-based results. One such example might be the fact that left inferior frontal lesions affect tool use pantomime in patients ), yet this area fails to increase activity significantly during the execution of these actions here.
Previous work demonstrates that the mechanisms involved in planning versus execution of familiar transitive and/or intransitive actions only partially overlap Fridman et al. 2006) . It is therefore possible, that stored representations of both tool use pantomimes and intransitive gestures reside in the same network, but that their production engages dissociable mechanisms. For instance, it may be that-at least in some individuals-the production of intransitive gestures relies more heavily on right-lateralized mechanisms than does the execution of transitive pantomimes. This might explain why left unilateral damage often affects tool use pantomimes more than intransitive gestures, and why some studies find that right hemisphere lesions impact intransitive gestures more than transitive actions. Yet, these conjectures are not supported by our results. We find no evidence that production of intransitive gestures versus tool use pantomimes places greater demands on right hemisphere mechanisms independent of the hand involved.
Alternatively, our work suggests that, at the hand-independent level, both types of familiar actions are represented in a common left parieto-frontal network. The reason that patients often demonstrate greater difficulties with tool use pantomimes (Roy et al. 1991; Foundas et al. 1999; Haaland et al. 2000) may simply be that transitive actions place greater demands on this shared representational system. On the execution side, production of tool use pantomimes versus intransitive gestures with either hand was accompanied by larger increases in activity within classic motor regions, similar to what has been reported previously when tasks differ in complexity (Gut et al. 2007 ). There are reasons to suspect that similar differences in difficulty exist on the planning side as well, and that these may be responsible for reports of single dissociations between performances on tool use pantomime and intransitive gestures.
In order to minimize cues for retrieval, the classic test of apraxia (adapted here for fMRI) requires participants to retrieve previously acquired skills exclusively on the basis of learned associations with arbitrary verbal cues (Heilman and Rothi 1997) . These circumstances differ dramatically from the situations in which these tool use representations were acquired and in which they are typically performed. As previously noted, this tool use pantomime task demands that representations be reactivated in the absence of the objects that normally provide contextual cues (Rapcsak et al. 1993) , and physical constraints on subsequent performances (Buxbaum 2001; Goldenberg et al. 2004 ). Providing apraxics with visual and/or haptic access to the objects with which these actions are associated can often improve their performances (De Renzi et al. 1982; Goldenberg et al. 2004; Hermsdorfer et al. 2006) . By contrast, accessing intransitive representations in response to verbal cues recreates the circumstances under which they were acquired and typically performed (Rapcsak et al. 1993; Mozaz et al. 2002) .
In accordance with the encoding specificity principle (Tulving and Thomson 1973) , retrieval of representations of tool use pantomimes in response to verbal cues should be more difficult than the retrieval of intransitive gestures. Consistent with this view is evidence that even healthy adults commit more errors when performing transitive pantomimes versus intransitive gestures in response to verbal cues (Mozaz et al. 2002) . The fact that these control subjects also find transitive actions more difficult to discriminate between visually has been used to argue that the transitive versus intransitive difference in performance is not simply due to variations in movement complexity (Mozaz et al. 2002 ). Yet, assuming that action planning and perception involve common neural representations (Prinz 1997; Rizzolatti and Craighero 2004) , differences in the ease of retrieval would nevertheless be expected to affect performance of both transitive and intransitive tasks. Indeed, recent results indicate that, when confronted with a more demanding speeded imitation task, healthy adults also have greater difficulty imitating transitive versus intransitive gestures (Carmo and Rumiati, 2008) . Thus, to the extent that apraxic patients are at or near the performance floor for tool use pantomime, one might expect that manipulations of general cognitive load (e.g., response deadlines) might also have a greater impact on their ability to produce transitive gestures. Consistent with this speculation is previous work indicating that apraxic patients do show greater impairments both in premovement planning and execution (i.e., scheduling and/or timing) of more complex (as compared with simple) sequences of hand postures (Harrington and Haaland 1992) .
It is worth emphasizing that the actual use of tools certainly involves a variety of additional demands, including certain sensory--motor transformations, that are absent in pantomime. Indeed, even tool use pantomime may be viewed as a highly symbolic, and depending on the context, and communicative behavior, as discussed by colleagues (Goldenberg 2003a, 2003b; Goldenberg et al. 2003) . This commonality with intransitive gesture may underlie their implementation in a shared representational system. Although pantomime to verbal command has proven useful in isolating praxis functions, it is important to recognize that naturalistic actions will involve a wide variety of other processes and brain areas including those of the right cerebral hemisphere (Schwartz and Buxbaum 1997; Hartmann et al. 2005 ).
Implications for the PRN As noted earlier, it has been hypothesized that the human left hemisphere supports a distributed parieto-fronto-temporal PRN (Johnson-Frey 2004; Frey 2008) . The PRN, and particularly the left parietal cortex, is claimed to integrate distributed conceptual and sensory--motor representations into contextually appropriate action plans at the hand-independent level (Frey 2008) . Consistent with this hypothesis, our ROI analyses revealed that, regardless of the hand or type of action involved, PMd and parietal (IPS/SMG, SPL) regions showed increases in activation that exceeded that of the linguistic control condition. In other words, these regions seem to be significantly more involved in praxis representation than linguistic processing.
In addition, these results also provided evidence for overlap between the PRN and the linguistic system, at least in righthanders. Activity in left cMTG, and rMFG also increased above resting baseline when planning both types of actions for either hand. However, for the left hand, these increases did not exceed what was detected during the linguistic control condition. Therefore, independent of the hand involved, left cMTG, and rMFG appear to contribute similarly to both linguistic processing and praxis representation. Partial overlap of left hemisphere mechanisms involved in language and praxis is not at all surprising. In fact, although apraxia and aphasia do dissociate they are often comorbid. Likewise, tool use and language (including gesture) are fundamental human cognitive specializations, and have long been suspected of having common origins (Bradshaw and Nettleton 1982; Gibson 1993; Frey 2008) .
Furthermore, praxis (tool use and gesture) cannot be understood simply in terms of sensory--motor transformations, but also requires input from conceptual and perhaps even linguistic functions (Johnson-Frey 2004; Frey 2007) . Along these lines, the considerable overlap between areas of the proposed PRN and regions shown to be involved more generally in action selection is worthy of note. Left inferior parietal, PMd, prefrontal cortex (rostral inferior frontal sulcus), and lateral cerebellum all show increased activity during choice versus simple reaction time tasks, irrespective of the hand involved (Schluter et al. 2001) . Selection is obviously a fundamental computational demand common to nearly all actions, and undoubtedly plays a role in the left-lateralized activations reported here and in previous studies of praxis. In contrast to studies of praxis, however, the left parietal peak associated with hand-independent action selection appears to be located more caudally (along the AG) and significant activations were not detected in the SPL or cMTG. One possibility is that this left-lateralized action selection network is at the core of the PRN. It may be that when planning familiar praxis skills, left SMG and anterior IPS integrate inputs from areas such as the left cMTG (for conceptual knowledge related to objects uses and/or functions), and SPL (for multisensory representations of the limbs). This information is then passed to the action selection network, resulting in choice of a contextually appropriate action plan.
Conclusions
In short, the present results do not support the long-standing hypothesis that familiar transitive and intransitive gestures are represented in separate neural systems (Morlass 1928; Rothi et al. 1991; Cubelli et al. 2000; Buxbaum 2001; Mozaz et al. 2002; Leiguarda 2005) . Despite employing whole brain, ROI and individual subject-level analyses, it is possible that we have failed to detect subtle evidence of separable networks. However, such subtlety would seem unlikely given the often large and varied brain lesions leading to apraxia. Instead, it appears that at the hand-independent level, both types of action plans are represented in a common left parieto-frontotemporal network, the so-called PRN. Likewise, neither group nor individual subject level analyses indicate that intransitive gestures are bilaterally represented Buxbaum et al. 2007) . We suggest that the advantage for intransitive gestures found in many cases of apraxia is attributable to the greater difficulty of the tool use pantomime task. This may also account for the absence of cases clearly demonstrating the reverse dissociation.
The present findings are consistent with the view that the human left cerebral hemisphere supports a system that flexibly and dynamically assembles contextually appropriate action plans from sources of information represented in areas distributed throughout the brain (Frey 2008 ). Depending on the task, these could include linguistic representations, conceptual knowledge about objects and their functions, the intentions and goals of the actor, and interpretations of prevailing task demands. An important question for future research, and one with potential relevance to rehabilitation of higher-level motor disorders, is to explore experiencedependent changes in this system as praxis skills are acquired.
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